



















MTA KFKI RMKI, H{1525 Budapest 114, P.O. Box 49. Hungary
2
Department of Elementary Particle Physics, Physics Institute,
University of Lund, Solvegatan 14, S - 223 62 Lund, Sweden
Abstract
Model-independent considerations are presented for the calculation of Bose-
Einstein correlation functions and momentum distributions which describe
boson-emitting systems containing a central part surrounded by a large halo.
If the characteristic geometrical size of the halo is suciently large, the contri-
butions of central part and the halo to the invariant momentum distribution
are shown to be separable. The momentum-dependence of the intercept pa-
rameter of the correlation function plays a central role. The results are applied
to certain high energy heavy ion data at CERN SPS. Almost all high energy
reactions including lepton-lepton, lepton hadron, hadron-hadron and nuclear
reactions are shown to be interpretable as boson emitting systems with large
halo.
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Introduction. Hanbury-Twiss correlations were discovered 40 years ago, revealing infor-
mation about the angular diameters of distant stars [1]. The method, also referred to as
intensity interferometry, extracts information from the quantum statistical correlation func-
tion for (partially) coherent elds. The method has extensively been applied to the study
of the freeze-out geometry in high energy nucleus-nucleus collisions as well as in elementary
particle reactions. For recent reviews see refs. [2,3].
Accumulating evidence indicates that the space-time structure of the pion emission in
heavy ion reactions at the 200 AGeV bombarding energy region at CERN SPS has a peculiar
feature, namely that the boson emission can be approximately divided into two parts: the
centre and the halo [4{7]. The central part corresponds to a direct production mechanism e.g.
hydrodynamical evolution or particle production from excited strings, followed by subsequent
rescattering of the particles, while the surrounding halo corresponds to pions emitted from
the decay of long-lived hadronic resonances, like !;  and 
0
. In the present Letter we
investigate the phenomenological consequences of such a structure in the limit when the
characteristic length-scale of the halo is suciently large. The scale is set by the lower limit
of the experimental momentum resolution for a simultaneous observation of two identical
particles, which is about Q
min
 5  10 MeV for the NA35 [8] and the NA44 [9] high energy
heavy ion experiments at CERN. In coordinate space, the halo can be considered large if it






 10   20 fm/c for the
above mentioned experiments.
In the present Letter we investigate the large halo scenario in a model-independent
manner, utilizing analytical results in the Wigner-function formalism. This formalism is
well suited to describe both the invariant momentum distribution (IMD) and the Bose-
Einstein correlation function (BECF). We utilize the version of the formalism discussed in
refs. [10,3] and applied to analytic calculations in refs. [11{16] recently.
Wigner-functions. In the Wigner-function formalism, the one-boson emission is charac-
terized by the emission function, S(x; p), which is the time derivative of the single-particle






) denotes the four-vector in space-time,
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) stands for the four-momentum of the on-shell particles
































stands for the rapidity. Attention is drawn to the point that the





index directions in coordinate and momentum space.
For thermalized sources the two-particle Wigner-function can be expressed in terms of the
symmetrized products of the single-particle Wigner functions. Based on this property, the
two-particle Bose-Einstein correlation functions can be determined from the single-particle




















and k  x stands for the inner product of the four-vectors. The invariant momentum










S(k = 0;K = p): (3)












The two-particle BECF-s are prescribed in terms of our auxiliary function,











as was presented e.g. in ref. [10,3]. In this Letter the eect of nal state Coulomb and
Yukawa interactions shall be neglected as implicitly assumed by the above equation, and we
assume completely chaotic, locally thermalized emission.
The Wigner-functions are in general complex valued functions, being the quantum ana-
logue of the classical phase-space distribution functions. For the purpose of Monte-Carlo
simulations of the Bose-Einstein correlation functions the o-shell Wigner-functions are ap-
proximated by the on-shell classical emission functions from the simulation [10,17]; in case
of analytic calculations they are usually modeled by some positive valued functions [11{16].
In this Letter, neither of these approximations seems to be necessary: in fact we need only
two simplifying assumptions as listed below.
Assumption 1, The bosons are emitted either from a central part or from the surrounding
halo. The respective emission functions are indicated by S
c
(x; p) and S
h
(x; p), and f
c
indi-
cates the fraction of the bosons emitted from the central part. According to this assumption,
the complete emission function can be written as









Both the emission function of the centre and that of the halo are normalized similarly to
the complete emission function, normalized by eqs. (1,3,4).
Assumption 2, We assume that the emission function which characterizes the halo
changes on a scale R
H




, the maximum length-scale
resolvable by the intensity interferometry microscope. However, the smaller central part of
size R
c








This inequality is assumed to be satised by all characteristic scales in the halo and in the
central part, e.g. in case the side, out or longitudinal components [18,11] of the correlation
function are not identical. Note that the resolvability of the central part in the intensity
microscope is almost necessary assumption - otherwise no part of the source can be seen
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and there would be no enhancement at small momentum dierence in the measured BECF
at all.



























where the subscripts c; h index the contributions by the central and the halo parts to the












(k = 0;K = p) (9)













for i = c; h. Note that the IMD as expressed by eq. (8) includes the possibility that the IMD
for the bosons of the halo is dierent from the bosons emerging from the central part. Thus
the relative contribution of the halo and the centre can be a function of the momentum in
this model. Pions coming from the resonance-halo surrounding a strongly interacting centre
are predominant at lower values of the transverse momentum according to the SPACER
calculations in ref. [11], similarly to the results of calculations with HYLANDER [5] and
the hydrodynamical calculations of the Regensburg group [21]. The resonance fraction as a
function of the transverse momentum was explicitly shown in the publications [17,5]. Each
of the mentioned models predicts that the halo of resonances produces predominantly low

















), however it is not necessarily the case.
In fact it will be shown below how the IMD-s for the halo and for the centre can be
measured separately with a combined use of interferometry data and IMD measurements.
The exact shape for the BECF is expressed by
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(k = 0;K = p) j
2
; (11)
which includes interference terms for boson pairs of (c; c) (c; h) and (h; h) type. Due to
the assumption that the emission is locally thermalized, the exact value of the BECF at
the k = 0 is always 2 in this model. However, the eective intercept of the BECF can be
smaller than 2 due to the presence of the resonance-halo, as has been explicitly demonstrated
by the Monte-Carlo calculations in refs. [4,10,17] and by the hydrodynamical calculations
in refs. [5,22]. In our case, the resonance halo was assumed to be large. The measured
two-particle BECF is determined with a nite resolution Q
min
, and any structure within the
k < Q
min
region cannot be resolved. However, the (c; h) and (h; h) type boson pairs create
a narrow peak in the BECF exactly in this k region according to eq. (11), which cannot
be resolved due to Assumption 2. According to this assumption, the Fourier-transformed
emission function of the halo for non-zero relative momenta vanishes at the given resolution
Q
min
. However, at zero relative momentum the same quantity gives the single particle
momentum distribution from the halo, which is not eected by the two-particle resolution.
Including the nite resolution eect, symbolized by the horizontal bar, the measured
BECF can be written as













(k = 0;K = p) j
2
; (12)
where the eective intercept parameter in general shall depend on the mean momentum
of the observed boson pair, which within the errors of Q
min
coincides with the on-shell
four-momentum p. The eective intercept parameter (p;Q
min
) thus is expected to change
with the mean momentum of the pair and this change contains important information on
the relative size of the centre and halo IMD at that value of p. Note that the intercept
parameter in general may also depend on the two-particle momentum resolution Q
min
since







We discuss the consequences of this possibility in the paragraphs preceeding eq. (24). Until
6




) and express its momentum dependence in




































































When the IMD of the centre has the same shape as the IMD of the halo the intercept
parameter (y;m
t
) becomes a constant  = f
2
c
. This is due to the fact that the IMD for the
halo as well as for the central core enter the above expression in a normalized manner, i.e.
if their momentum dependence is similar, then they are equal due to the normalization.
Note also that the relation eq. (13) has in principle nothing to do with the similar








> = < n
tot
> gives the fraction of the total multiplicity in the chaotic eld,
although the relation formally is similar. For the case of partially coherent elds, the Bose-
Einstein correlation function contains an interference term in between the coherent and
the chaotic elds which leads to a double-Gaussian or double-exponential structure [19],
emphasized recently in ref. [20]. In our case, the BECF contains not three but only two
























The last equation denes the correlator R
c
(k;K), as a function of the emission function
of the centre. With its help we may rewrite the BECF for the large halo scenario as
C(k;K) = 1 + (p)R
c
(k;K): (15)
According to this equation, the only eect of the large halo is to introduce a momentum-
dependent eective intercept parameter to the BECF. The shape of the BECF for k 6= 0
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shall be solely determined by the freeze-out phase-space distribution in the central part. This
central part is usually well accessible to hydrodynamical calculations [5] even for analytic
ones [12{16].
Note also, that the focus is not on the reduction of the intercept of the BECF due to the
halo (resonance decays) but more precisely on the momentum-dependence of this reduction.
The fact of the reduction has been known before [5,4,10,17], however its momentum depen-
dence was not utilized as far as we know. Within our formalism however it is straightforward





































The second part of this equality just denes a short notation for the momentum space
integration. This equation makes it possible to measure the IMD of the bosons coming from
the central core with the help of a combined use of the BECF parameter (y;m
t
) and the
IMD of all particles. As soon as f
c
is determined from a measurement according to eq. (16),
the IMD can be separated experimentally to two parts and the contribution of the centre as





































































Our equation (16) not only yields information about the IMD for the bosons of the halo (or






























A lower limit on the fraction of the bosons from the centre, f
c
can be obtained in an analogous












Note also that within our picture an inequality is satised by the intercept parameter (y;m
t
)
as follows from the positivity of both sides in eqs. (17,18), namely
0  (y;m
t
)  1: (21)
If this unequality is violated by some measurements, that indicates of the unapplicability
of the presented model-independent approach to that specic reaction. However, this is
inequality is satised within the experimental errors by the overwhelming majority of the
experimental data [2].
Application. Present NA44 data [23] for central S + Pb reactions at CERN SPS with






= 0:56  0:02 and 0:55  0:02 at the quite dierent mean transverse momenta of 150
MeV and 450 MeV, respectively. This suggests that in the midrapidity region the momentum
distribution of the resonance halo is similar to that of the central part, and the halo contains
1  
p
 = 25  2 % of all the pions. For this special case of  = f
2
c
= const we have the






























I.e. the only apparent eect of the halo is to reduce the intercept parameter of the measured
BECF to  = f
2
c
while the IMD and the (k;K) dependence of the BECF is determined
by the central part apparently exclusively. This halo seems to be quite inactive.
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In general the halo may have more inuence on the shape of the IMD and the momentum
dependence of .
Note that the (y;m
t
) intercept parameter in our picture reects the drop in the BECF
from its exact value of 2 due to the contribution from the resonance halo, when measured with
the nite two-particle momentum resolution Q
min
. Thus the measured intercept, (y;m
t
)
does not coincide with the exact value of the BECF at zero relative momentum within this
description. Note also that the error bars on the intercept parameters obtained by an a
priori assumption on the shape of the BECF are in general optimistic and more reliable
estimate of this important parameter can be obtained from the utilization of the Edgeworth
or Laguerre expansions as described in refs. [24{26].





rameter may be also a function of the two-particle resolution in momentum-space Q
min
,





mum resolvable length-scale in the source. This dependence has explicitely been indicated
in eq. (12). When the two-particle resolution Q
min
is decreased, the size of the halo in a
given reaction may become smaller than R
max
and the measured intercept parameter in
such cases starts to approach 1 for the models considered here. Gradually, the halo struc-
ture becomes visible in the BECF. In the limit Q
min





= 0) = 1 via re-dening the central core to include the core as well as
the part previously identied with the halo. This happens because the maximum resolvable
length-scale R
max
approaches innity in this idealized limiting case and thus any nite halo
becomes resolvable by the intensity interferometry 'microscope'.
However, this idealized limiting case is not easily realizable in the experiments. Even
in cases when the Q
min
is small enough, e.g. its value is below 5 - 7 MeV, there shall
be systematic errors on the BECF below this region due to uncertainties in the Coulomb
correction and also due to the smallness of the phase-space in this region. Eectively the
Coulomb interaction just covers the halo region. Thus it is not recommended to use very
small bin sizes when analyzing the two-particle Bose-Einstein correlation functions. The
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is the radius parameter of the BECF in the considered reaction. The bin-size









which can be checked in the data analysis without diculty. Within this region of the
bin-size, the information content of the BECF is quite rich since the k 6= 0 part, or the
R

parameter shall carry information about the space-time distribution in the central core
while the intercept parameter (y;m
t
) together with the IMD for the considered bosons can
be utilized to measure the IMD for the central core, and also for the halo, according to
eqs. (17,18).
The general result for the BECF of systems with large halo, eq. (15) coincides with the
most frequently applied phenomenological parameterizations of the BECF in high energy
heavy ion as well as in high energy particle reactions [2]. Previously, this form has received
a lot of criticism from the theoretical side, claiming that it is in disagreement with quantum
statistics [20] or that the  parameter is just a kind of fudge parameter or a measure of
our ignorance, which has been introduced to make theoretical predictions comparable to
data. Now one can see that eq. (15) type of parameterizations can be derived with a
standard inclusion of quantum statistical eects { if we assume that we discuss interferometry





annihilations, various lepton-hadron and hadron-hadron reactions, nucleon-nucleus and
nucleus - nucleus collisions are phenomenologically well describable [2] with variations of
eq. (15) thus does not exclude the possibility that these high energy reactions all create
boson emitting systems which include a large halo.
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The applicability of the halo picture to a given reaction is not necessarily the only one
possible explanation of a reduced intercept. It is known that the nal state interactions
may have an inuence on the eective intercept of the two-particle correlation functions [27]
and the eect has been shown to result in stronger drop in the intercept value for smaller
source i.e. for hadronic strings created in lepton-lepton, lepton-hadron or hadron-hadron
collisions. However, more detailed calculations indicate that the higher order corrections for
the nal state interactions may very well cancel the rst order eects resulting in a very
small total nal state interaction correction [28]. In our calculations these eects have been
neglected, so our results should in principle be compared to data which present the genuine
Bose-Einstein correlation function. This function is not necessarily the same as the short-
range part of the two-particle correlation function since Coulomb and Yukawa interactions
as well as the 
0
 decay chain and other short-range correlations may mask the quantum
statistical correlation functions. However, as the particle density is increased (in the limit
of very large energy or large colliding nuclei), the Bose-Einstein correlations together with
the nal state interactions dominate over other short-range correlations due to combinatoric
reasons.
In the case of the previously discussed NA44 results, the drop of the intercept due to the
nal state interactions would yield a decreasing intercept value with increasing transverse
mass of the particle pair, since the eective source size is decreasing with increasing m
t
.
A conventional Monte-Carlo on the other hand predicts [11,17] that the resonance decays
populate mainly the low-m
t
region and thus the intercept should increase with increasing
transverse mass. In fact, the data indicate that the eective intercept value, corresponding
to the NA44 resolution, is constant. Within our framework, all kind of transverse mass
dependence of the intercept parameter is allowed, according to the change with the transverse
mass in the rate of the halo particles to the ones arising from the centre. Thus simple
conventional explanations of the behaviour of the (m
t
; y) seem to predict qualitatively
dierent trends from the observed one, while in our picture the measured trend corresponds
to the simplest possible case: when the invariant momentum distribution is the same for
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particles from the halo and from the centre.
In summary, we have studied the case when the central boson-emitting region is sur-
rounded by a large halo, which also emits bosons. If the size of the halo is so large that it
cannot be resolved in Bose-Einstein correlation measurements, lot of information shall be
concentrated in the momentum dependence of the intercept parameter of the correlation
function. We have shown that with the help of the Bose-Einstein correlation measurement,
the invariant momentum distribution can be separated into two independent components,
eqs. (17,18), belonging to the core and the halo, respectively. We have observed also that
the halo inuences only the intercept of and not the shape of the Bose-Einstein correlation
function.
Analysis of the NA44 data for two-pion correlations indicated that the normalized in-
variant momentum distribution of the pions from the halo of long-lived resonances within
errors coincides with the normalized invariant momentum distribution of the pions from the
central core. The number of pions coming from the halo region, dened by the two-particle
momentum resolution of the NA44, was found to be 252 % of the total multiplicity within
the NA44 acceptance.
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